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The impact of social stimuli on the membrane poten-
tial dynamics of barrel cortex neurons is unknown.
We obtained in vivo whole-cell recordings in the
barrel cortex of head-restrained rats while they inter-
actedwith conspecifics. Social touchwasassociated
with a depolarization and large membrane potential
fluctuations locked to the rat’s whisking. Both depo-
larization and membrane potential fluctuations were
already observed prior to contact and did not occur
during free whisking. This anticipatory pre-contact
depolarization was not seen in passive social touch
in anesthetized animals. The membrane potential
fluctuations locked to the rat’s whisking observed in
interactions with awake conspecifics were larger
than those seen for whisking onto nonconspecific
stimuli (stuffed rats, objects, and the experimenter’s
hand). Responses did not correlate with whisker
movement parameters. We conclude that responses
to social touch differ from conventional tactile re-
sponses in (1) amplitude, (2) locking to whisking,
and (3) pre-contact membrane potential changes.
INTRODUCTION
Rats are highly social animals that often engage in social facial
touch with their conspecifics (Wolfe et al., 2011). They do so
by their mobile whiskers, which also sense the environment, ob-
stacles, gaps, and different textures or objects (Diamond et al.,
2008; Feldmeyer et al., 2013). Many studies investigated sensory
responses in barrel cortex. Most studies, however, used simple
stimuli such as single whisker deflections or a pole presented to
a head-fixed animal (Knutsen et al., 2006; O’Connor et al., 2010).
In addition, membrane potential (Vm) dynamics during different
behavioral states of the animal have been studied in detail in
the somatosensory cortex (Crochet and Petersen, 2006; Poulet
and Petersen, 2008; Crochet et al., 2011). Social facial interac-
tions involve multisensory signaling (Brecht and Freiwald,
2012), but we know little about the impact of such social interac-
tions on cortical activity, as only few studies analyzed responses
in interacting animals (Bobrov et al., 2014). Recent studies
strengthen the assumption that social touch modulates re-
sponses in somatosensory cortex. A human fMRI study showed
that activity in somatosensory cortex depended on the gender718 Neuron 85, 718–725, February 18, 2015 ª2015 Elsevier Inc.that the tested person thought they were caressed by (Gazzola
et al., 2012). Further, the barrel cortex of rats showed differential
responses between sexes and were dependent on the phase of
estrus cycle in females (Bobrov et al., 2014). In order to investi-
gate the impact of social facial touch on Vm dynamics in barrel
cortex neurons, we performed whole-cell recordings in head-
restrained rats while interacting with stimulus rats of different
sexes. Unlike our previous work, which focused on firing rate ef-
fects of social touch (Bobrov et al., 2014), here we focus on Vm
dynamics and rely on the excellent time resolution of whole-
cell recordings. In the current study, we ask the following ques-
tions: (1) Do Vm dynamics during social whisking differ from free
whisking? (2) If so, how do such differences arise? (3) How do Vm
dynamics during social touch compare with responses to pas-
sive social touch in anaesthetized animals? (4) Do Vm dynamics
differ between social touch and nonconspecific touch?RESULTS
Social Facial Touch and Free Whisking Differ in Their
Membrane Potential Dynamics
We assessed Vm trajectories during social facial touch and free
whisking episodes by whole-cell recordings in barrel cortex neu-
rons of awake head-restrained rats (referred to as subject rat;
Figure 1A). Subject animals were on average P32 at the day of
recording. It is known that female rats enter puberty at the age
of P34–P38, whereas in males puberty is reached a couple of
days later (P39–P47) (Engelbregt et al., 2000). Thus, our animals
were sexually immature and in prepuberty.
We recorded from 47 barrel cortex neurons, of which 23 cells
were obtained from female and 24 from male subject rats. After
the whole-cell configuration was established, the head-fixed
experimental animal was allowed to interact with stimulus rats
of different sexes held by the experimenter (Figure 1A). This
procedure allowed multiple episodes of social facial touch dur-
ing a recording. Social touch behavior in these staged interac-
tions was qualitatively similar to interaction patterns observed
previously (Wolfe et al., 2011; Bobrov et al., 2014), but differed
quantitatively from those in freely interacting animals. Whisking
was less intense and interaction episodes were shorter in the
head-fixed configuration. Additionally, the head-fixed subject
rat whisked with smaller amplitudes and also tended to emit
fewer ultrasonic vocalizations (0.06 ± 0.08 SD calls per second)
than head-free stimulus animals (0.76 ± 0.42 SD calls per sec-
ond), suggesting that head-fixation affected interaction patterns.
Social facial interactions started with whisker overlap and also
included nose-to-nose touch, as described previously (Wolfe
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Figure 1. Barrel CortexMembrane Potential
LocksMore Strongly to Social Touch than to
Free Whisking
(A) Experimental setup. Whole-cell recordings
were obtained from the barrel cortex of the
subject rat, to which a hand-held stimulus rat was
presented.
(B) Biocytin filled and reconstructed pyramidal
neuron of layer 2/3.
(C) Vm traces and whisker motion during social
touch (black) for the cell shown in (B). Dashed line
indicates the start of social touch.
(D) Same as (C), but examples for free whisking are
shown.
(E) Protraction triggered Vm average during social
touch (black) for the two episodes shown in (C).
Modulation depth was the peak-to-peak value of
this averaged trace (black bars).
(F) Same as (E) but for the two free whisking (green)
episodes shown in (D).
(G) The pyramidal cell (shown in B) had signifi-
cantly larger peak-to-peak Vm modulation during
social touch compared with free whisking epi-
sodes. Data refer to seven social touch and
three free whisking episodes. Error bars indicate
mean ± SEM.
(H) Population data showed significantly larger Vm
modulation depth during social touch than during
free whisking. Data refer to averaged modulation
depth for each cell, where both social touch and
free whisking episodes could be recorded (20 of
47 cells).
See also Figure S1.et al., 2011; Bobrov et al., 2014). Whisker movements of subject
and stimulus rat were tracked using high- and low-speed videog-
raphy (Figure 1A). A layer 2/3 pyramidal cell (Figure 1B) showed
strong and reproducible Vm fluctuations during social touch,
which were characterized by large amplitude changes of up to
12 mV (Figure 1C, top and bottom). During free whisking, a
different pattern of Vm fluctuations was observed (Figure 1D,
top and bottom). Averaging the Vm triggered to the beginning
of whisker protraction of the subject rat revealed strong locking
of Vm to whisking during social facial touch (Figure 1E). However,
during free whisking, when animals performed spontaneous
whisking bouts in free air, the correlation of Vm to whisking was
much less prominent and less consistent (Figure 1F). In addition,
the average modulation depth of Vm, measured by subtracting
the minimum from the maximum (see bars in Figures 1ENeuron 85, 718–725,and F), was larger during social touch
than free whisking for the example epi-
sodes shown in Figures 1C and D. Across
multiple episodes for the representative
cell in Figure 1B, we observed a signifi-
cant difference in modulation depth
between free whisking and social touch
(Figure 1G, Mann-Whitney U test, p =
0.024). Population data for all cells (n =
20) showed similar results (Figure 1H,Wil-
coxon signed-rank test, p = 0.002). In 47neurons, we could monitor 256 social facial touch episodes. In
20 of 47 cells, we were able to analyze free whisking episodes
(n = 49). Average modulation depth across episodes is plotted
for these cells in Figure 1H, where both social touch and
free whisking episodes could be recorded. To assess whether
whisker motion parameters had an influence on the resulting
cell responses during social touch and free whisking, we quanti-
fied whisking amplitude and set angle. We found no difference
when whisking parameters were compared between social
touch and free whisking (Figures S1A and S1C available online;
mean whisking amplitude was 13.4 ± 0.9, and mean set angle
was 91.4 ± 3 during free whisking; during social touch, mean
whisking amplitude was 12.2 ± 1.3 and mean set angle,
89.5 ± 3.6; p = 0.601 for whisking amplitude and p = 0.989
for set angle, Wilcoxon signed-rank test). It is clear from theseFebruary 18, 2015 ª2015 Elsevier Inc. 719
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Figure 2. Membrane Potential Locking to
Social Touch Emerges prior to Contact and
Extends beyond It
(A) (Top) Vm trace of a representative cell around
a social touch episode. Corresponding whisker
angle of the subject rat is plotted below. Dashed
lines indicate pre-contact and post-contact pe-
riods. The social touch period is highlighted in gray.
(B) Same as (A), but for a free whisking episode
recorded in the same neuron plotted in (A).
(C) Protraction triggered Vm averages were
calculated for the social interaction episode
shown in (A). Bars indicate modulation depth.
(D) Same as (C) for the free whisking episode
plotted in (B).
(E) Protraction triggered Vm average responses for
social and free whisking episodes. Data refer to 19
cells. Modulation depths are significantly larger for
pre-contact, post-contact, and social touch than
for free whisking.
(F) Modulation depth is plotted as a function of
whisking amplitude for free whisking (green) and
pre-contact (gray). There is no significant correla-
tion between these two parameters.data that both free whisking and social touch resulted in fairly
variable whisking patterns under our conditions. We did not
observe a correlation of Vm to whisking amplitude or set angle
during social facial touch or free whisking (Figures S1B and
S1D, Pearson correlation test). When plotting the Vm modula-
tion depth during social touch against the Vm modulation depth
during free whisking, no clear relationship between these two
measurements was observed (Figure S1E, p = 0.137, Pearson
correlation test). These observations argue against the idea
that differences in social facial touch and free whisking origi-
nated from differential whisker motion patterns (Figures S1B
and S1D).
Behavioral state influences Vm dynamics. Whereas slow, large
Vm fluctuations are observed during quiet wakefulness, there is a
shift in brain state during explorative whisking, causing a reduc-
tion of slow Vm fluctuations and a depolarization in the cells
(Crochet and Petersen, 2006; Poulet and Petersen, 2008; Gentet
et al., 2010; Crochet et al., 2011; Poulet et al., 2012). To assess
such changes in our data, we calculated mean Vm values and720 Neuron 85, 718–725, February 18, 2015 ª2015 Elsevier Inc.firing rates for the three different states,
during which we monitored cell activity:
quiet wakefulness, free whisking, and
social touch. Averaging the Vm over
episodes revealed a significant depolari-
zation, occurring during social touch
compared with free whisking (mean Vm
during social touch was 47.5 ± 2.7 mV
and during free whisking 51.8 ±
2.6 mV, p = 0.002) and quiet wakefulness
(mean Vm during quiet wakefulness
was 52.9 ± 2.3 mV, p = 0.001;
Mann-Whitney U test, data not plotted).
No difference in the mean Vm was found
between quiet wakefulness and freewhisking (p = 0.806, Mann-Whitney U test). Further, a decrease
in firing rate was observed when animals started to move their
whiskers (mean firing rate during quiet awake was 1.1 ± 0.5 Hz
and during free whisking 0.8 ± 0.4 Hz, p = 0.034). Finally, neurons
fired with higher rates during social touch compared to free
whisking (p = 0.024, mean firing rate during social touch was
1.8 ± 0.8 Hz, data not plotted). This initial dataset indicates
that social touch induces Vm changes compared to quiet wake-
fulness and free whisking. In the following sections, we outline,
how these changes evolve over time and what factors might
contribute to such Vm changes.
Membrane Potential Modulation in Social Facial
Interactions Emerges prior to Contact
We next analyzed the evolution of Vm fluctuations around
social interactions. To this end, we tracked whisker movements
of the subject rat prior, during, and after the social facial touch
episodes and analyzed whether the Vm trajectories (Figure 2A,
upper panel) locked to these movements (Figure 2A, lower
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Figure 3. Large Membrane Potential
Changes Are Evoked during Passive Social
Touch in Anaesthetized Animals, but Not
prior to Onset of Contact
(A) (Left) Ongoing activity of Vm in an anaesthetized
subject rat. (Right) Vm trace of the same cell shown
in the left but during and before passive social
touch by a stimulus rat. Dashed line indicates the
beginning of whisker contact. Before that, pre-
contact periods are plotted.
(B) Mean Vm during all episodes obtained from
the cell shown in (A). Note that there is signifi-
cant depolarization during passive social touch
compared with ongoing activity and pre-contact
touch.
(C) Same as (A), but for a recording obtained in an
awake subject rat.
(D) Mean Vm during all interaction episodes re-
corded in the cell in (C). The neuron starts to
depolarize even before the rats are touching
each other and this depolarization during the pre-
contact period was significant when compared
with ongoing activity.
(E) Population data from 20 recordings obtained
in anaesthetized subject rats. A significant depo-
larization occurred during passive social touch
compared with ongoing activity and pre-contact.
A pre-contact depolarization was not observed.
(F) Same as (E) but population data (n = 33 cells) for
awake recordings is shown. A significant pre-
contact depolarization was observed.panel). From this analysis it became clear that the Vm dynamics
changed even before the animals touch each other (referred to
as ‘‘pre-contact period’’) and that evoked responses continued
after the social interaction was terminated (referred to as ‘‘post-
contact period’’). In contrast, Vm changes were not observed
in free whisking episodes (recording traces from the same
cell, Figure 2B). Protraction triggered Vm averages for the epi-
sodes shown in Figures 2A and 2B reveal a locking of Vm to
whisker motion before and after social touch (Figure 2C).
Such locking was significantly weaker during free whisking (Fig-
ure 2D). Modulation depth of Vm was stronger for pre-contact,
post-contact, and social touch compared with free whisking in
the example episode (Figures 2C and 2D). Population data
confirm these findings (n = 19 cells). Protraction triggered Vm
changes were small during free whisking and significantly
different from protraction triggered Vm changes before (p <
0.0001), during (p = 0.002) and after social touch (p = 0.012;
Figure 2E, Wilcoxon signed-rank test). A Kruskal-Wallis one-
way ANOVA also reported a significant difference between
free whisking, pre-contact, post-contact and social touch (p =
0.003). Finally, we asked, whether the observed socially trig-
gered changes in Vm were related to the mechanics of whisking.
There was no clear correlation between modulation depth and
whisking amplitude for either free whisking (p = 0.069) or pre-Neuron 85, 718–725,contact interaction periods (p = 0.348,
Pearson correlation test, Figure 2F), sug-
gesting that the Vm dynamics during pre-
contact do not simply reflect whiskermovement. Taken together, these data suggest that social facial
interactions result in substantial Vm changes and that these
changes in Vm are already apparent prior to the onset of facial
contact.
Absence of Membrane Potential Changes prior to
Contact in Anaesthetized Animals
In order to better understand the origin of responses in social
touch, we performed whole-cell recordings in barrel cortex neu-
rons of anaesthetized rats. As soon as a stable recording was
obtained, we presented stimulus rats to these anaesthetized
subject rats. Thus, under these conditions, there is no active
touch of the subject rat, but responses are evoked by passive
touch, i.e., by whisking and sniffing of the stimulus rat on the
anaesthetized subject rat. We recorded from 25 barrel cortex
neurons in anaesthetized animals and monitored 182 passive
touch episodes. To assess whether Vm fluctuations during
pre-contact periods were due to whisking patterns, we quanti-
fied mean Vm and firing rates before, during, and after passive
social touch and compared these to ongoing activity (no stim-
ulus rat present). Characteristic up and down states were
observed during anaesthetized recordings (Figure 3A, left),
which persisted while stimulus rats were presented (Figure 3A,
right). In addition, a significant depolarization was observedFebruary 18, 2015 ª2015 Elsevier Inc. 721
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Figure 4. Barrel CortexMembrane Potential
Locks More Strongly to Social Whisking on
Conspecifics than toWhisking on Noncons-
pecific Stimuli
(A) (Left) Awake rat stimulus (black). (Right) Vm
trace with the corresponding whisking pattern of
the subject rat. Dashed line indicates the begin-
ning of whisker contact.
(B) Protraction triggered Vm average for the
episode shown in (A).
(C) Same as (A), but with a stuffed rat as a stimulus
(blue).
(D) Same as (B), but for the stuffed rat stimulus.
(E) Population data comparing modulation depths
during interactions with an awake rat and a stuffed
rat (n = 8 cells). Modulation depth was significantly
larger for social touch (black) than for touch of a
stuffed rat (blue).
(F) Same as (A), but with an object as a stimulus
(green).
(G) Same as (B), but for the object stimulus.
(H) Same as (E), with the exception that population
data for object touch is compared to social touch
(n = 7 cells). Modulation depth was significantly
larger for social touch (black) than for object touch
(green).
(I) Same as (A), but with the experimenter’s hand
as a stimulus (magenta).
(J) Same as (B), but for the experimenter’s
hand.
(K) Same as (E), with the exception that popu-
lation data for hand touch is shown (n = 8 cells).
Modulation depth was significantly larger for
social touch (black) than for touch of the ex-
perimenter’s hand (magenta).
See also Figure S2.during passive touch compared to ongoing activity in the given
example cell (p = 0.032, Wilcoxon signed-rank test, Figure 3B).
Unlike the awake animals, however, this depolarization did not
occur before the stimulus rat was approaching the anaesthe-
tized subject rat. As shown in Figure 3C for a recording from
an awake animal, the Vm of the neuron depolarizes prior to con-
tact and this effect was robust across episodes (Figure 3D).
Population data for all cells recorded (n = 33) indicate the
same conclusion. While there is no pre-contact depolarization
relative to ongoing activity in anaesthetized animals (Figure 3E),
there was a significant pre-contact depolarization in cells re-
corded in awake animals (Figure 3F). To test whether there
was indeed a significant effect of wakefulness on the pre-
contact depolarization, we compared the difference between
ongoing and pre-contact Vm in awake and anaesthetized ani-
mals. We found that, there was indeed a significantly larger
pre-contact depolarization in awake animals (p = 0.004,
Mann-Whitney U test). These findings indicate that the mere
presence of a stimulus animal is not sufficient to induce the
pre-contact depolarization, but that it results from mechanisms
related to the active sensing of conspecifics.722 Neuron 85, 718–725, February 18, 2015 ª2015 Elsevier Inc.Nonconspecific Stimuli Evoke Smaller Whisking Locked
Membrane Potential Responses than Social Touch
Strong engagement of barrel cortex during active touch has
been reported using voltage sensitive dye imaging (Ferezou
et al., 2006).We therefore wondered towhat extent the observed
modulation in the Vm in our study was specific for social inter-
actions with an alive stimulus rat. To address this issue we
compared responses of barrel cortex neurons during interac-
tions with awake conspecifics (Figures 4A and 4B) with inani-
mate stimuli, such as stuffed rats (Figures 4C and 4D), objects
(Figures 4F and 4G), and responses in the Vm to the experi-
menter’s hand alone (Figures 4I and 4J). Whole-cell recordings
were obtained and the different stimuli were presented in a
random order to the head-fixed subject rat. Figures 4A, 4C, 4F,
and 4I show Vm traces with the corresponding whisker move-
ments during interactions with an alive stimulus rat (Figure 4A,
right), a stuffed rat (Figure 4C, right), an object (Figure 4F, right)
and the experimenter’s hand (Figure 4I, right). All traces were ob-
tained from the same barrel cortex neuron. Figures 4B, 4D, 4G,
and 4J show the protraction triggered Vm curves for the given ep-
isodes. This neuron showed the strongest locking to the subject
whisking and biggest Vm modulation during a social interaction
with a stimulus rat. Nonconspecific stimuli (Figure 4D, stuffed
rat; Figure 4G, object; and Figure 4J, experimenter’s hand) elicit
much smaller modulation depths. These differences evoked by
conspecific and non-specific stimuli in the modulation depth
relative to subject whisking were seen in all cells recorded. We
observed significant differences between modulation depths
evoked by social touch (with an alive conspecific) when
compared with each nonconspecific stimuli: stuffed rats (Fig-
ure 4E, n = 8 cells, p = 0.008), objects (Figure 4H, n = 7 cells,
p = 0.016) and the experimenter’s hand (Figure 4K, n = 8 cells,
p = 0.016). Whisking parameters during social touch and interac-
tions with non-conspecific stimuli were similar. Figure S2 shows
the whisking amplitude (upper) and the set angle (lower) during
interactions with a stuffed rat (Figure S2A), an object (Figure S2B)
and the experimenter’s hand (Figure S2C) compared with social
touch interactions. No differences were found in motion param-
eters, when social touch and interactions with inanimate stimuli
were compared. This result differs from findings we obtained
previously in freely moving animals, where robust whisker move-
ment differences were observed between object touch and so-
cial touch (Bobrov et al., 2014). Thus, our findings show that large
Vm modulations and Vm locking to the whisking of the subject rat
are physiological characteristics specific to social touch.
DISCUSSION
Previousmeasurements using extracellular recordings described
firing rate effects associated with social touch in barrel cortex
(Bobrov et al., 2014). We extend these findings by describing Vm
dynamics during social facial touch in interacting animals.
Whole-cell recordings in awake, head-restrained rats revealed
the impact of social facial touch at the level of subthreshold
dynamics.
Free Whisking and Social Touch Evoke Different
Responses in Barrel Cortex
Social touch led to large amplitude Vm fluctuations, which were
not observed in free whisking. Relatively weak Vm modulation
during free whisking was observed as previously described
(Crochet and Petersen, 2006; Poulet and Petersen, 2008;
Crochet et al., 2011). Active touch led to larger responses than
free whisking in the studies of Crochet and Petersen (2006)
and Crochet et al. (2011), an observation similar to our results
on social touch. A recent study described the representation of
social facial touch in terms of firing rate changes in the barrel cor-
tex (Bobrov et al., 2014). A major advance of the present work is
contributed by the precise time resolution of whole-cell record-
ings, which made it possible to characterize the locking of the
Vm to the subject animal’s whisking during social facial touch.
Responses to Social Touch Emerge prior to Contact and
Do Not Correlate with Movement Parameters
We found that active social touch initiated changes in the Vm dy-
namics even before whisker contact occurred. This finding was
not seen in the study of firing rates by Bobrov et al. (2014). Vm
locked to whisking of the subject rat and cells depolarized and
increased their firing rate prior to whisker contact. To the bestof our knowledge, such strong Vm responses prior to tactile stim-
ulation have not been previously described. Barrel cortex activity
has been extensively studied in head-restrained animals that
have been trained for simple task, such as object localization
(Knutsen et al., 2006; O’Connor et al., 2010) or whisker-based
tactile tasks (Sachidhanandam et al., 2013). However, we
know little about responses to natural stimuli (Brecht, 2007),
and none of these studies reported an activity in barrel cortex
neurons prior to tactile input. In addition, the changes in Vm
dynamics prior to contact were independent of whisking
parameters such as whisking amplitude and set angle, as these
parameters turned out to be similar during pre-contact, social
touch, and free whisking. We note, however, that our observa-
tions do not rule out the possibility of subtle differences in motor
patterns or other variables, such as changes in the blood pres-
sure of the follicle sinus.
Future work should clarify whether the observed effects
are related to arousal. The pre-contact depolarization that was
observed during awake social touch and not during passive
touch in anesthetized animals is consistent with the idea that
arousal might play a role. Alertness and arousal are known to
affect the whisker system. In primary vibrissa somatosensory
cortex, it was shown that whisker stimuli lead to smaller re-
sponses in animals during free whisking than during quiet waking
(Ferezou et al., 2006; Crochet and Petersen, 2006). Moreover,
cholinergic and noradrenergic afferents are known to influence
the activity of the barrel cortex. Constantinople and Bruno
(2011) showed that acetylcholine is not responsible for changing
the brain state from wakefulness patterns to synaptic quies-
cence, but that the response to whisker stimulation increases
due to acetylcholine. However, we note that single arousal vari-
able is unlikely to account for the observations we report here.
For example, in the rat hippocampus we found that object con-
tacts evoke stronger rate effects than social stimuli (von Heimen-
dahl et al., 2012). From this observation, one can conclude that
there is not a brain-wide increase of neural activity as a result
of social interaction.
Barrel Cortex Membrane Potential Dynamics during
Social Touch Differ from Responses to Nonconspecific
Stimuli
To test whether the response patterns observed were specific to
social stimuli, we analyzed whether the touch of a stuffed rat, an
object, or the experimenter’s hand alone induced the same Vm
modulations as observed during interaction with an alive rat.
We found that the locking of Vm and the subject’s whisking
that occurred during social touchwas significantly smaller during
touch of nonconspecific stimuli than during whisking on an
awake conspecific. This agrees with the results of Bobrov et al.
(2014), which described smaller firing rate responses in object
touch compared with social touch. Taken together, these find-
ings support the idea that the response patterns observed in
our study are specific to social touch.
Multisensory Effects in Social Touch
Social facial interactions are known to involve multisensory
signaling (Brecht and Freiwald, 2012). It seems likely that the
pre-contact depolarization and whisker locking observed hereNeuron 85, 718–725, February 18, 2015 ª2015 Elsevier Inc. 723
is generated by multisensory mechanisms. A candidate mecha-
nism might be socially induced sniffing. Whisking is correlated
with sniffing in rodents (Descheˆnes et al., 2012), which predes-
tine sniffing as an important factor during a social interaction.
There is ample evidence for socially induced sniffing in rats. Sub-
ordinate rats, for example, decrease their sniffing during an inter-
action with a dominant conspecific in order to avoid aggressive
behavior (Wesson, 2013). Thus, future work should address the
role of sniffing in social touch. Sniffing-related effects on neural
activity in barrel cortex are plausible, since Ito et al. (2014)
showed phase locking of barrel cortex activity to respiration.
We therefore assume that olfactory cues and potentially sniff-
ing might play an important role in the observed interaction
patterns. Recent fMRI work in humans also suggests that multi-
sensory cues and anticipation shape responses in somatosen-
sory cortex. In the work of Gazzola et al. (2012), responses in
somatosensory cortex changed as a function of movies of the
touching interaction partner, even when the actual touch was
the same.
In social encounters, rodents transmit pheromonal signals
(Kannan and Archunan, 2001), as well as visual and auditory
cues in form of ultrasonic vocalization (reviewed in Wo¨hr and
Schwarting, 2013). We find that while calling rates of our head-
fixed animals were low, stimulus animals called at higher rates
similar to interacting animals (data not shown; Rao et al.,
2014). Hence, ultrasonic vocalizations could also contribute to
the pre-contact effects seen in our interactions. The relatively
weak responses to stuffed animals indicate that the pure sight
of a stimulus animal is not sufficient to evoke full-blown social
responses.CONCLUSION
Our data on Vm responses to social touch show a surprising
amount of high-level nontactile information in barrel cortex
activity. Thus, Vm modulations started prior to contact and
were different compared with interactions with inanimate stimuli
and alive stimulus rats. The pre-contact depolarization was not
observed during passive touch in anesthetized animals, sug-
gesting that active processing within the brain of the conscious
subject rat is needed. Our data suggest that the earliest stages
of somatosensory cortical processing do not merely reflect the
mechanics of tactile stimuli. Instead, the active sensing of con-
specifics evokes differential barrel cortex activity and a repre-
sentation of social information in prominent whisking-locked
Vm fluctuations.EXPERIMENTAL PROCEDURES
All experimental procedures were performed according to German guidelines
on animal welfare under the supervision of local ethics committees (animal
permit number: G0259/09).
Surgeries and head-fixation habituation were done as described by Doron
et al. (2014) with the exception that animals were first implanted with a bolt.
After a habituation period of 2–4 days, a recording chamber was implanted.
Whole-cell recordings in head-fixed subject rats were done as described by
Margrie et al. (2002). Recordings in anaesthetized animals were done under
urethane (1.5–2.0 g/kg). After a stable recording was achieved, the experi-
menter presented stimulus rats of different sexes to the subject rat. For post724 Neuron 85, 718–725, February 18, 2015 ª2015 Elsevier Inc.hoc analysis of the recorded cell, biocytin was added to the internal pipette so-
lution. After successful recordings, animals were anaesthetized and perfused
with fixative, and brains were processed using the avidin-biotin-peroxidase
method.
A social interaction (also referred to as an episode) was counted when two
rats made whisker contact. Episodes were monitored using low- and/or high-
speed videography, and whisker tracking was done as described by Bobrov
et al. (2014).
To detect locking of Vm to whisking, protraction triggered Vm averages were
calculated in Matlab by averaging Vm ± 100 ms relative to the minima of the
whisker motion trace. Vm values were averaged over an entire interaction
episode. Modulation depth values were calculated by subtracting the mini-
mum from the maximum of the protraction triggered Vm curves. The mean
modulation depth was computed as an average of modulation depth values
of individual episodes. Whisking amplitudes and set angles were automati-
cally calculated using the custom-written Matlab code for whisker tracking.
Correlation coefficients were computed in Matlab using the Spearman rank
correlation test. All other statistical tests (Mann-Whitney U and Wilcoxon
signed-rank, Kruskal-Wallis one-way ANOVA) were performed in Matlab.
Mean Vm and firing rates were calculated over the total length of a given
episode.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and two figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2014.12.059.
ACKNOWLEDGMENTS
We thank Brigitte Geue, Undine Schneeweiß, and Juliane Steger for excellent
technical assistance and Evgeny Bobrov, Ann Clemens, Guy Doron, Andreea
Neukirchner, Rajnish Rao, and Helene Schmidt for comments on the manu-
script. We thank Viktor Bahr and Tiziano D’Albis for developing Matlab Scripts.
This work was supported by Humboldt-Universita¨t zu Berlin, the Bernstein
Center for Computational Neuroscience Berlin, the German Federal Ministry
of Education and Research (BMBF, Fo¨rderkennzeichen 01GQ1001A) and
NeuroCure. M.B. was a recipient of a European Research Council grant and
the Gottfried Wilhelm Leibniz Prize.
Received: May 28, 2014
Revised: November 11, 2014
Accepted: December 17, 2014
Published: January 29, 2015
REFERENCES
Bobrov, E., Wolfe, J., Rao, R.P., and Brecht, M. (2014). The representation of
social facial touch in rat barrel cortex. Curr. Biol. 24, 109–115.
Brecht, M. (2007). Barrel cortex and whisker-mediated behaviors. Curr. Opin.
Neurobiol. 17, 408–416.
Brecht, M., and Freiwald, W.A. (2012). The many facets of facial interactions in
mammals. Curr. Opin. Neurobiol. 22, 259–266.
Constantinople, C.M., and Bruno, R.M. (2011). Effects and mechanisms of
wakefulness on local cortical networks. Neuron 69, 1061–1068.
Crochet, S., and Petersen, C.C. (2006). Correlating whisker behavior with
membrane potential in barrel cortex of awakemice. Nat. Neurosci. 9, 608–610.
Crochet, S., Poulet, J.F., Kremer, Y., and Petersen, C.C. (2011). Synaptic
mechanisms underlying sparse coding of active touch. Neuron 69, 1160–
1175.
Descheˆnes, M., Moore, J., and Kleinfeld, D. (2012). Sniffing and whisking in
rodents. Curr. Opin. Neurobiol. 22, 243–250.
Diamond, M.E., von Heimendahl, M., Knutsen, P.M., Kleinfeld, D., and Ahissar,
E. (2008). ‘Where’ and ‘what’ in the whisker sensorimotor system. Nat. Rev.
Neurosci. 9, 601–612.
Doron, G., von Heimendahl, M., Schlattmann, P., Houweling, A.R., and Brecht,
M. (2014). Spiking irregularity and frequency modulate the behavioral report of
single-neuron stimulation. Neuron 81, 653–663.
Engelbregt, M.J.T., Houdijk, M.E., Popp-Snijders, C., and Delemarre-van de
Waal, H.A. (2000). The effects of intra-uterine growth retardation and postnatal
undernutrition on onset of puberty in male and female rats. Pediatr. Res. 48,
803–807.
Feldmeyer, D., Brecht, M., Helmchen, F., Petersen, C.C., Poulet, J.F., Staiger,
J.F., Luhmann, H.J., and Schwarz, C. (2013). Barrel cortex function. Prog.
Neurobiol. 103, 3–27.
Ferezou, I., Bolea, S., and Petersen, C.C.H. (2006). Visualizing the cortical rep-
resentation of whisker touch: voltage-sensitive dye imaging in freely moving
mice. Neuron 50, 617–629.
Gazzola, V., Spezio, M.L., Etzel, J.A., Castelli, F., Adolphs, R., and Keysers, C.
(2012). Primary somatosensory cortex discriminates affective significance in
social touch. Proc. Natl. Acad. Sci. USA 109, E1657–E1666.
Gentet, L.J., Avermann, M., Matyas, F., Staiger, J.F., and Petersen, C.C.
(2010). Membrane potential dynamics of GABAergic neurons in the barrel cor-
tex of behaving mice. Neuron 65, 422–435.
Ito, J., Roy, S., Liu, Y., Cao, Y., Fletcher, M., Lu, L., Boughter, J.D., Gru¨n, S.,
and Heck, D.H. (2014). Whisker barrel cortex delta oscillations and gamma
power in the awake mouse are linked to respiration. Nat. Commun. 5, 3572.
Kannan, S., and Archunan, G. (2001). Rat cheek gland compounds: behaviou-
ral response to identified compounds. Indian J. Exp. Biol. 39, 887–891.
Knutsen, P.M., Pietr, M., and Ahissar, E. (2006). Haptic object localization in
the vibrissal system: behavior and performance. J. Neurosci. 26, 8451–8464.Margrie, T.W., Brecht, M., and Sakmann, B. (2002). In vivo, low-resistance,
whole-cell recordings from neurons in the anaesthetized and awake mamma-
lian brain. Pflugers Arch. 444, 491–498.
O’Connor, D.H., Peron, S.P., Huber, D., and Svoboda, K. (2010). Neural activity
in barrel cortex underlying vibrissa-based object localization in mice. Neuron
67, 1048–1061.
Poulet, J.F., and Petersen, C.C. (2008). Internal brain state regulates mem-
brane potential synchrony in barrel cortex of behaving mice. Nature 454,
881–885.
Poulet, J.F., Fernandez, L.M., Crochet, S., and Petersen, C.C. (2012). Thalamic
control of cortical states. Nat. Neurosci. 15, 370–372.
Rao, R.P., Mielke, F., Bobrov, E., and Brecht, M. (2014). Vocalization-whisking
coordination and multisensory integration of social signals in rat auditory
cortex. eLife 3, e03185.
Sachidhanandam, S., Sreenivasan, V., Kyriakatos, A., Kremer, Y., and
Petersen, C.C. (2013). Membrane potential correlates of sensory perception
in mouse barrel cortex. Nat. Neurosc 16, 1671–1677.
von Heimendahl, M., Rao, R.P., and Brecht, M. (2012). Weak and nondiscrimi-
native responses to conspecifics in the rat hippocampus. J. Neurosci. 32,
2129–2141.
Wesson, D.W. (2013). Sniffing behavior communicates social hierarchy. Curr.
Biol. 23, 575–580.
Wo¨hr, M., and Schwarting, R.K. (2013). Affective communication in rodents:
ultrasonic vocalizations as a tool for research on emotion and motivation.
Cell Tissue Res. 354, 81–97.
Wolfe, J., Mende, C., and Brecht, M. (2011). Social facial touch in rats. Behav.
Neurosci. 125, 900–910.Neuron 85, 718–725, February 18, 2015 ª2015 Elsevier Inc. 725
